Template assisted fabrication of free-standing MnO 2 nanotube and nanowire arrays and their application in supercapacitors In this Letter, an innovative technique is reported to control the fabrication of free-standing MnO 2 nanotube and nanowire arrays. The synthesis is based on a three-step process, using porous anodic aluminum oxide as a template, and enables the selective fabrication of vertically aligned MnO 2 nanotubes or nanowires on large areas. The as-prepared MnO 2 nanotube and nanowire arrays are investigated as electrode materials for supercapacitor applications and show a good electrochemical performance with specific capacitances of 210 F g À1 at 1.9 A g À1 and 231 F g À1 at 0.5 A g À1 , respectively. The investigation of the rate capability of both structures indicates a superior performance of the nanotube arrays. The demands of clean, efficient, and renewable energy sources are tremendous and have driven discussions on energy production, energy management, and energy storage in the last years. [1] [2] [3] The ongoing miniaturization of electric circuits, sensors, and wireless sensor networks and the developing field of energy harvesting create a high demand for energy storage systems that can be integrated completely into the device they power. Especially, the development of micro electrochemical energy storage devices, such as micro-batteries 4 and micro electrochemical capacitors (mECs), 5, 6 has drawn much attention. However, microbatteries suffer from limited cycle life, which is a major problem in applications where maintenance and replacement are difficult. Further micro-batteries are not suitable for applications with high power demand, such as wireless data transmission. Therefore, a crucial role is addressed to mECs in order to address the emerging challenges associated with the development of new autonomous systems. 7, 8 In the past years different strategies were developed to increase the performance of electrochemical capacitors (i.e., supercapacitors). First, new electrode materials were investigated. These include various carbon materials 9-11 that store energy in the formation of an electric double layer upon charging and, moreover, pseudocapacitive materials including conductive polymers 12 and metal oxides. [13] [14] [15] In particular, metal oxides offer great potential to increase the performance of mECs because these materials possess much higher specific capacitances compared to carbon materials. Above all, MnO 2 has been distinguished as a good candidate for supercapacitor applications because of its very high theoretical capacitance of 1370 F g
À1
, its high natural abundance in combination with its environmental benign nature, and the low cost for raw material. Second, more advanced electrode configurations were developed by increasing the electrode surface area and reducing the structural parameters into the nanometer regime. 16 Therefore nanostructures with different morphologies were proposed, such as flowers, 17 hollow spheres, 18 clews, 19 nanorods, 20 nanobelt bundles, 21 nanoneedles, 22 ultra-fine nanowire networks, 23 ultra-thin nanosheets, [24] [25] [26] nanowires (NW), 27, 28 and nanotubes (NT). [29] [30] [31] [32] In particular, NTs are a promising morphology to increase the performance of mECs. They show a superior electrochemical performance compared to other nanostructures, which is attributed to the large surface area provided by the inner and outer tubes surface area and hence a better utilization of the active material. However, the reported fabrication routes for MnO 2 NTs are mainly based on hydrothermal approaches, and the level of controllability of the shape and size in such processes is low. 29, 30 Further, the existing fabrication techniques are not capable of growing free-standing arrays of MnO 2 NTs on large areas with a NT diameter below 100 nm. We believe that large-scale arrays of MnO 2 NTs are highly promising candidates to improve the performance of mECs due to a large surface area, a short ion diffusion length in the NT wall, and the abolishing of expensive and resistive binders. Moreover, one-dimensional tubular nanostructures are beneficial substructures to realize the fabrication of more complex core/shell materials for mEC electrodes. 33 Therefore the development and implementation of well-controlled fabrication strategies for synthesizing free-standing vertically aligned MnO 2 NT arrays is strongly required.
In this Letter, we demonstrate an innovative technique to selectively control the fabrication of free-standing MnO 2 NT and NW arrays on large areas (>1 cm 2 ). The technique is based on a three-step fabrication process using porous anodic aluminum oxide (AAO) as a template. The synthesis process of one-dimensional NT and NW arrays is described in details, the morphology is analyzed, and the electrochemical energy storage properties for applications in mECs are investigated. Very importantly, it is shown that the prepared MnO 2 NTs show superior capacitive behavior compared to MnO 2 NWs and other reported nanostructures based on pure MnO 2. Further exhibits the reported device a high volumetric capacitance, which is attractive for mECs. The selective fabrication of free-standing MnO 2 NT and NW arrays is achieved by an innovative three-step template assisted synthesizing process. The utilized AAO templates were fabricated by a two-step anodization process at 40 V in 0.3 M oxalic acid electrolyte. [34] [35] [36] [37] The AAO pores were widend to apporximately 80 nm in a 5 wt. % H 3 PO 4 solution for 70 min at 30 C. 38, 39 Scheme 1 presents the fabrication process from through-hole AAO templates to either MnO 2 NT or NW arrays. This synthesizing strategy is characterized by the high selectivity and controllability of the structural parameters inherited from the AAO template and fabricated gold (Au) electrode. The route (a) in Scheme 1 describes the three-step fabrication of MnO 2 NT arrays. In step 1(a), a thin layer of Au with a thickness between 40 and 80 nm is evaporated onto one side of the AAO template by e-beam evaporation in an Edwards AUTO 306. Figures 1(a)-1(c) show top-view SEM images of the initial AAO template with a pore diameter of approximately 80 nm, an AAO covered by 40 nm, and an AAO covered by 80 nm of Au, respectively.
The evaporated thin Au layer forms a ring-like electrode, which covers the AAO pores only at the margin (see the inset of step 1(a)). In step 2(a), MnO 2 is electrochemically deposited into the AAO pores at 0.8 V from a 0.01 M Mn(Ac) 2 electrolyte at 20 C and growth in a NT manner. A free-standing MnO 2 NT array is gained after removing the AAO template in a 5 wt. % NaOH solution in step 3(a). The fabrication of NT arrays instead of NW arrays has been revealed by SEM and TEM images. We believe that the reason for the selective fabrication of NTs and NWs can be described as follows. In the case of NT growth the AAO template is covered partially by a thin Au layer with approximately 20%-35% of the original pore size being covered, as shown in Figure 1(f) . Thereby, each pore is surrounded only at the margin by a thin electrically conductive Au layer, describing a ring-like morphology (illustrated in the first step of route (a) in Scheme 1(a)). The precipitation of the manganese oxide during the electrochemical deposition originates from the surface of the ring-like electrode and continues to grow along the vertical axis of the pore forming a tubular structure. In contrast, with increased thickness of the evaporated Au layer changes the geometry of the electrode at each individual pore bottom gradually from a ring-like towards a disc-like electrode, which results in a closing of the AAO pores (Figures 1(d) and 1(e) ). Hence, the MnO 2 is precipitated at a pronounced area at the pore bottom, leading to a pore filling NW growth. Thereby it has been determined that the growth nature is transferred from NT to NW growth at a threshold of approximately 35% pore coverage (i.e., 80 nm thick Au layer). In summary, the geometry of the Au contact predefines the morphology of the one-dimensional nanostructures and thus is the key parameter to enable the selective fabrication of NT or NW arrays in AAO templates.
X-Ray Photoelectron Spectroscopy (XPS) analysis is performed to investigate the oxidization state of manganese on a Kratos AXIS Ultra at normal emission using a monochromatic Al Ka source (1486 eV) and a hemispherical electron analyzer with pass energy of 20 eV. Figure 4 
32,40
The electrochemical performance of the as-prepared MnO 2 NT and NW arrays is investigated in a three-electrode SwagelokV R cell. The measurements are performed in a cell containing an activated carbon electrode as a counter electrode, a silver wire as a quasi-reference electrode, a Freudenberg polypropylene fleece FS2190 as a separator, and an aqueous-based electrolyte containing 0.5 M Na 2 SO 4 .
The reported values of specific capacitance refer to the estimated mass of MnO 2 on the working electrode (ca. 0.09 mg). Galvanostatic charge/discharge curves for as-prepared MnO 2 NT arrays are recorded at various current densities in order to measure the specific capacitance and investigate the rate capability, as shown in Figure 5 (a). The specific capacitance is calculated from the slopes gradient of the constant current discharge curve according to the following equation:
, and m (g) being the specific capacitance, discharge current, gradient of discharge curve, and mass of the active material, respectively. The MnO 2 NT arrays show specific capacitance as high as 210 F g À1 at a current density of 1.9 A g À1 whereas the MnO 2 NW arrays gain a maximum specific capacitance of 231 F g À1 at 0.5 A g À1 . The as-prepared NT and NW arrays exhibit superior specific capacitance values compared to other reported nanostructures based on pure MnO 2 . [17] [18] [19] [20] [21] [22] 27 It is noteworthy that the MnO 2 NT array exhibits a high volumetric capacitance of 4.4 F cm À3 (calculation includes activated carbon counter electrode, separator, MnO 2 NT array electrode, and current collectors), which is attractive for mECs. As visible, the charge/discharge profiles in Figure 5 (a) show a slight distortion from the ideal triangular shape. This indicates that resistance during charge and discharge is present in the electrodes, which is attributed to the high internal resistance of MnO 2 (Ref. 41 ) and a poor utilization of the active material at the top-ends of the one-dimensional nanostructures. Figure 5 (b) compares the rate performance of the as-prepared MnO 2 NT and NW arrays. The diagram clearly outlines that NT arrays possess higher specific capacitance values compared to NW arrays at same current density and thus show a better rate capability. The superior performance of the NT arrays is assigned both to a higher available surface area of the NTs (inner and outer surface area are available for charge storage) and a better utilization of the active electrode material, which results in a faster ion transport.
In summary, a well controllable fabrication technique to realize the growth of free-standing vertically aligned MnO 2 NT and NW arrays is reported in this work. The presented template based three-step fabrication process allows the selective fabrication of either MnO 2 NT or NW arrays. The synthesized NT and NW arrays exhibit a good electrochemical performance compared to other pure MnO 2 nanostructures and achieve a specific capacitance of 210 F g À1 and 231 F g À1 at current densities of 1.9 A g À1 and 0.5 A g À1 , respectively. Thereby NT arrays showed a better rate capability compared to NW arrays. It should be mentioned that the presented fabrication route to selectively synthesize NT arrays can be applied to many other materials, such as metals, metal oxides, and semiconductors.
Financial support from the European Research Council Grant (ThreeDSurface) and BMBF (ZIK: 3DNanoDevice) is gratefully acknowledged. 
